Pressure Fluctuations in a Common-Rail Fuel Injection System by Rothrock, A M
NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 
REPORT No. 363 
PRESSURE FLUCTUATIONS 
IN A COMMON-RAIL FUEL INJECTION SYSTEM 
By A. M.ROTHROCK 
1930 
N t ;:"0383 
For sale by the Superintendent of Documents, Washington, D. C. - - - - - - - • - - - - - Pdee 10 cent. 
https://ntrs.nasa.gov/search.jsp?R=19930091434 2020-06-17T02:47:12+00:00Z
AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 
Length ____ _ 
Time ______ _ 
Force _____ _ 
Symbol 
t 
F 
Metric 
Unit 
meter ___________________ _ 
second _____ _____________ _ 
weight of one kilogram ____ _ 
Symbol 
m 
scc 
kg 
English 
Unit Symbol 
foot (or mile) ___ ______ ft. (or mi.) 
second (or hour) _______ sec. (or hr.) 
weight of one pound lb. 
Power _ _ _ _ _ _ P kg/m/sec_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ horsepower- _ _ _ _ _ _ _ _ _ _ HP. 
Speed_ ----- --------- - {~l!r-~~~=== == = = = = == ===== ==~== == === fti~~~==== = ========= == rp.p~. H. 
2. GENERAL SYMBOLS, ETC. 
W, Weight,=mg 
g, Standard acceleration of gravity = 9.80665 
m/sec. 2 =32.1740 ft./sec. 2 
W 
m, Mass,=-g 
P, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-t 
sec.2 ) at 15° C and 760 mm=0.002378 (lb.-
ft.-4 sec.2). 
Specific weight of "standard" air, 1.2255 
kg/m3 = 0.07651 lb.jft.3 
mJc3, Moment of inertia (indicate axis of the 
radius of gyration, le, by proper sub-
script) . 
S, Area. 
Sw, Wing area, etc. 
G, Gap. 
b, Span. 
c, Chord length. 
b/c, Aspect ratio. 
j, Distance from c. g. to elevator hinge. 
}.L. Coefficient of viscosity. 
3. AERODYNAMICAL SYMBOLS 
V, True air speed. 
q, Dynamic (or impact) pressure=~ p p 
L, Lift, absolute coefficient OL= :s 
D, Drag, absolute coefficient OD = ; 
0, Cross - wind force, a b sol ute coefficient 
o 
Ce=qS 
R, Resultant force. (Note that these coeffi-
cients are twice as large as the old co-
efficients Le, Dc.) 
iw Angle of setting of wings (relative to thrust 
line) . 
'/,t, Angle of stabilizer setting with reference to 
thrus t linQ. 
'Y, Dihedral angle. 
Vl Reynolds Number, where l is a linear 
P -;;' dimension. 
e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, 0° C: 255,000 
and at 15° C., 230,000; 
Or for a model of 10 em chord 40 m/sec, 
corresponding numbers are 299,000 
and 270,000. 
Cp, Center of pressure coefficient (ratio of 
distance of O. P. from leading edge to 
chord length). 
{J, Angle of stabilizer setting with reference 
to lower wing, = (it -iw). 
0'. , Angle of attack. 
E, Angle of downwash. 
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SUMMARY 
The tests reported herein were conducted (~t the Langley 
J.lemOt'ial Aeronautical Laboratory, Langley Field, Va., 
to determine experimentally the instantaneous pressures 
CLt the discharge orifice oj a common-rail juel injection 
system in which the timing valve and cut-off valve were 
at some distance jrom the automatic juel injection valve, 
and also to determine the methods by which the pressure 
fluctuations could be controlled. 
The instantaneou pressures at the discharge orifice 
oj a common-rail j1Lel injection system were determined 
by analyzing the stem-lift records oj an automatic injec-
tion valve. The juel injection was obtained by releasing 
juel jrom a reservoir under high pressure by means oj a 
cam-opeTated timing valve . The period oj injection was 
controlled by the opening oj a cam-operated by-pass valve 
which reduced the juel pressure between the timing valve 
and the injection valve. An injection ystem oj this type 
assures the same Tate oj juel discharge ngardless oj engine 
speed. The results show that pre ure wave phenomena 
occur between the high-pres ure re ervoir and the dis-
charge orifice, but that these pressure waves can be con-
trolled so as to be advantageous to the injection oj the juel. 
The results al 0 give data applicable to the de ign oj such 
an injection ystemjor a high-speed compression-ignition 
eng'me. 
INTRODUCTION 
In order to control the injection of fuel into the 
combustion chamber of a compression-ignition engine, 
it is necessary to know the pre sure variations at the 
discharge orifice a well as the time interval of injec-
tion. These pres me variation are controlled by the 
design of the fuel injection sy tem and the phy ical 
properties of the fuel. The system hould be de igned 
to meet the requirements imposed by these physical 
properties in uch a manner that the in tantaneous 
pressures at the di charge orifice cause injection of the 
fuel according to the requirements of efficient combus-
tiOD. Since fuel oils are compressible, they are ubject 
to pressure wave phenomena. Because of the fluctua-
tions of these pressures in the injection system, the 
instantaneous pressures can not be recorded with a 
static gauge. In fact, the pre sure fluctuations may 
be so rapid and so violent as to make it impossible to 
predict the rates of di charge from the orifice by means 
of such pressure gauge readings. 
The quantity of fuel delivered by a common-rail 
fuel injection system i controlled either by the lift 
of a mechanically operated fuel injection valve or-by 
the time interval during which the oil in the high-pre -
sme reservoir is relea ed to the injection valve. The 
first type has not been used extensively with high-speed 
engines, because of the difficulty of controlling the rate 
of fuel flow by controlling the lift of a mechanically 
operated valve. With the second type it is necessary 
to have one or two mechanically operated valves in 
conjunction with either an automatic injection valve 
or an open nozzle. When one mechanically operated 
valve i employed, the fuel under pressure is released 
to the di charge orifice for the time interval during 
which the mechanically operated valve remains opened. 
When tllls valve cIo es the fuel continues to discharge 
until the oil pres ure between the mechanically oper-
ated valve and the injection valve drops to a value 
les than the injection valve opening pressure, or to the 
pressure in the combustion chamber if an open nozzle 
is used . This results in a comparatively slow cut-oil' 
of the fuel spray. If, however, an automatic injection 
valve is used and a second mechanically operated 
valve i employed, which causes the stop of fuel dis-
charge by releasing the pressure between the high-
pre sure reservoir and the injection valve to some 
value less than the valve closing pre sme, a sharp 
cut-off of the fuel spray is a sured. Such a fuel injec-
tion system should have the following characteristics: 
1. Constant time for a given fuel quantity to 
. be di charged regardless of engine speed. 
2. harp start of fuel spray. 
3. Sharp cut-off of fuel spray. 
4. Con tant fuel di per ion and penetration 
regardless of engine speed, except for the 
effect of air flow. 
To de ign a fuel injection system of this type with 
a definite rate of fuel discharge, the eil'ect of the 
different parts of the injection system on the instan-
taneous pressures must first be determined. If these 
are known, the pressure fluctuations throughout the 
injection system and the rate at which the fuel is 
discharged can be varied almost at will. 
3 
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The instantaneous injection pressure in an injec-
tion ystem have been measured either directly or 
indirectly by everal inve tigators . Hessclman (Ref-
erence 1), ll sing a combination common-rail and pump 
inj ection sy tem, recorded the movement of the auto-
matic inj ection valvo stem, and from the area expo ed 
for discharge into the combu tion chamber computed 
the rate of fuel di charge. Ricardo (Reference 2) 
mea ured the in tantaneou pressures from fL fuel 
pump by mean of the R. A. E. indicator. A third 
investigator (Reference 3) recorded the tom move-
ment of an automatic injection valve and from it 
attempted to predict the pre sure variations at the 
Spray 
chamber 
Initial pressure 
control valve 
Injection valve 
By-poss valve 
result of the 0 Le L ho wed that (11(' au Loma tic 
injection valve wa opened by a pre me wnvC'. 
METHODS AND APPARATUS 
The injection ystem of the N. A. . A. Fuel pray 
Photography Equipment (Reference 6) \Va Llsed for 
Lhis investiO'ation. It i illu trated diagrammatically 
in Figure 1. The timing valve cam was operated by 
a clutch which, when engaged, call od the cam lo 
make one revolution. As the timing-valve needle was 
lifted from the cat tho oil wldel' pre sure in Lhe high-
pl;es ure re ervoi1' wa released through th injection 
valve tube to the injection valvo. The oil pre sure 
Timing valve 
F IGURE l.- Fuel spray iujectiol1 sys tem 
discharge orifice. Unfortunately his analysi is incom-
plete and consequently the pressure curves pre3ented 
are not justified. 
Gelalles and the author (Reference 4 ) have recorded 
the movement of the timing valve stem on the injec-
tion system of the . A. . A. Spray Photogrf1phy 
Equipment when the stem was operated hydraulically 
and, in addition, have computed the stem movement 
from an analysis of the flow of oil through the valve. 
The computed movem nt of the tem was in c10 e 
agreement with the actual movement. From the p 
1'e ult the movement of the stem of an automatic 
injection valve wa computed, but due to limitf1Lion. 
of the apparatus at the time, the actual movemenl 
wa not determined . 
The author (Reference 5) ha determined exper-
imentally the time interval between the opening of 
the timing valve and the start of the fuel spray from 
an injection valve for the injection system of the 
A. O. A. Spray Photography Equipment. The 
acting on the annular area of the valve tem forced 
the stem from the seat and the oil was sprayed into 
the chamber. The by-pass or spray cut-off valve then 
opened, the hydraulic pressure in the injection valve 
tube dropped due to the rapid flow of the oil through 
the by-pa valve, and the injection valve pring 
returned the stem to it seat, cutting oIT the fuel 
sprn.y . The time interval between the start of open-
ing of the timing valve and by-pass valve could bp 
varied as shown. The by-pass valve was so adjusted 
that it opened before the timing valve started to clo e. 
The ini tial ]Jresslll"c in the injection valve tube was 
adju ted to any de ired value by mean of the initial 
pres ure control valve. The hydl"aulic pressure were 
obtained by a hand pump. The tatic pres mes were 
indicated by a Bourdon spring gauge mounted in the 
line between the hand pump and the high-pre sure 
reservoir. An initial pressure of 300 pounds per 
square inch and a camshaft peed of 1,140 r. p. m. 
were used in all the te t except where otherwi e 
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stated. Particular Cfire was Laken to remove fill fiil' 
from the injection y tem before each test was made. 
The fuel u ed was a high grade Die el fuel oil with a 
pecific gravity of O. 6 at 00 F ., and an ab olute 
vi cosity of 0.048 poise at 80 0 F. , and atmo pheric 
pres ure. 
The injection valve hown in Figure 1 wa altered 
a hown in Figure 2, so that the stem movement 
could be recorded. The bminO' valve was al 0 altered 
in the ame manner. The movement of each valve 
tem was recorded by direc ting a beam of ligh t from 
a poin t source onto a mirror operated by the valve stem 
and focusing the rel1ected beam onto a film mounted on 
time interval between the opening of the timing valve 
and the start of the fuel pray had been determined 
previously (Refel'en e 5). Therefore, spray and timing 
valve records were not taken Ior the majority of 
the te ts, and the injection valve was mounted 
in theholder shown in Figure 2 so that calibra-
tion records could be taken after each tem lift 
diagram. 
In order that the stem movement could be used as 
the in tantaneous pre sure indicator, all of the injec-
tion-valve record for the pre ure ana1y is were taken 
with the st'em top backed oft, so that the tem did noL 
strike it. A typical record is shown in Figure 4. It 
a revolving drum. The two film drums 
were mounted on the arne haIt, and 
driven by a synchronou motor at a 
peripheral peed of 1,03 inche per 
second. Electromagnetic hll (tel'S op-
erated by the camshaft were placed in 
front of the film drums so that the 
beam of light fell on them for not 
more than three revolu tion. Thi 
wa done so that the line of zero lift 
would not appeal' as a heavy bane!. 
During the preliminary part of the in-
ve tigation the injection valve was 
mOllntedin the spray chamber as hown 
Valve "A" clased far calibratian records 
.ooa- t7JrJ'rJm-nnm steel 
~;;;r=i=;~:.-.-Pivot 
in Figure 1, and records were taken i-
multaneou ly of the timing valve tem 
movement, the injection valve tem 
movement, and the development of the 
fuel pray. In order to synchronize Film drum 
t he three records, small park gap were Lighf ':>Ol.lr<,,,,_ 
placed in front of the two tern move-
ment film. The e were connected in 
series with the main spark gap for tak-
ing the high-speed motion pictures of 
the fuel spray. Hence, for each spray 
photograph there appeared a hort 
line on each of the two films. FiO'-
P!GVRE 2.-Automatic injection l'al \'6 aod apparatu for recording \'o lve sLem movement 
\Ire 3 chow record of the movements of the valve 
stem and of t.he developmen t of the Iuel pray taken 
in thi manner. For this particular test the stem 
stop of the injection valve was s(\t to limit the maxi-
mum lift to 0.021 inch. 
An e. 'amina tion of the figure shows that both the 
start of the pray and the tart of the injection valve 
stem movement occulTed between the seventh and 
eigh th photographs, and thaI, spray cu t-off came 
between the fifteenth and ixt enth photographs. The 
tem did not tay against the top becau e of the pres-
ure fluctuation. The three records taken imul-
laneou ly howed that the tarL and top of the spray 
followed the ' tarL and stop of the injection valve 
stem movement within a few hundred thousandths of 
a econd, that is, within the accuracy of the experi-
mental data. The eHect of the everal variables on the 
i seen that the tern came in contact with the eat 
after the first oscillation, but did not touch it again 
until spray cut-off, at which time it truck the seat and 
made a series of short bounce. Such bounce are the 
cause of the discharge which Beard ley define a 
secondary discharges and discusses in his report on 
the reproducibility of spray data. (Reference 7.) 
They OCCllr when the pre sure in the injection valve 
tube is great enough during the bouncing of the stem 
to cause di charge. They are not due to a pre sure 
wave oscillating between the by-pa s valve and the 
injection valve, since their frequency i too high for 
such an oscillation. 
The calibration of the spring in the injection valve 
wa obtained by closing the valve A hown in Figure 2. 
The tern recording mechanism was removed, and fl 
dial indicator graduated in thousandths of an inch 
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was placed against the spring follower of the injection 
valve. The hydraulic pre sure was built up in stages 
of 500 pounds per square inch and the li ft readings 
recorded. From these data the spring scale of 3,600 
was obtained on the revolving film with straight lines 
representing the lift for each incremcnt. Thi record 
was converted into actual lift of the valvc tem in 
inches from the spring calibration. It was necessary 
Time, sec. 
Fuel spray photographs 
Record of injection valve slem motion with stem stop set at 0.021 inch lift 
Record of liming valve slem motion 
Fto\;RE 3.-Fuel spray development, injection ".lve "tem motion. and timinl( Yah-e stem motion recoroeil . imulfnneous])' 
pounds per quare inch wa computed. The cali-
bration of the lift as recorded on the film was obtained 
by replacing the lift recording mechanism and build-
ing up the pressures in stage of 500 pounds per square 
inch. At each pre sure increment the point SOUTce 
light was flashed on for an instant, so that a record 
to take film calibration records after each lift record, 
for, in changing the conditions between successive 
tests, the angle of the point SOUTce light was changed 
and any difference in this angle changed the recorded 
lift scale. The calibration record for Figure 4 i 
hown in Figure 5. The corresponding pressures for 
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each line have been marked on the film. In this par-
ticular case the 'A.lve opening pressure was 2,500 
pound per quare inch ; consequently, there wa no 
. lift recorded until thi pressure wa reA.ched. 
In order to obtain the frequency of the diaphragm 
:steel link, the diaphragm was deflected slightly and 
the lime t, m the rna of the moving parts, and a the 
acceleration of the stem at; the time t. The pring 
scale ha already been given. The rna s of thc moving 
parts wa t;aken a the mass of the valve stem, plus the 
mas of the spring follower and its attachments plus half 
the mass of the valvc spring and the mirror and its 
a .00 1 .002 .003 .004 .005 • . 006 .007 .009 .010 
Time, sec. 
FIGURE 4.-Record of injection valve siem motion witb no stop 
then released , and at the same time a photographic 
record was taken of the vibration of the reflected light 
beam. The record, Figure 6, shows that the fre-
quency of vibration was 5,000 per second. In the 
tern record the e1Tects of these vibration are not;ice-
able to an appreciable degree only when the stem 
c: . 
support. For the valve tested t;he toial moving mass 
was 0.069 pound. The spring compre ion at any 
in tant was the urn of the initial compre sion of the 
spI'ing, obtained from the calibration record, plus the 
stem lift at the in tant under consideration, obtained 
from the stem lift record. The acceleration at any 
-..J 
.Or __ . ' ;'(',"0 ' . . ' •.. ' < -::.:;;11 foo . ,t.,' .~.,. .. _ 
o 
- . 0('1 " .' .:' ~. 
FIGURE 5.-Pressure calibration record 
strikes the seat during the bouncing after cut-off, 
Figure 4. 
DERIVATION OF THE INSTANTANEOUS PRESSURES 
AT THE DISCHARGE ORIFICE FROM THE STEM 
LIFT RECORDS 
At every in tant the hydraulic force on the valve 
' tern wa opposed by the resisting force of the valve 
spring plus the product of the ma s of the moving 
parts and their acceleration at that instant plus or 
minu the friction of the stem in it guide. With the 
injection valve used the lapped stem slid freely in tho 
valve body when the valve was as embled, and con-
sequently the friction force was neg·lected. The force 
equilibrium equation i therefore: 
j="As+ma (1) 
in which j is the hydraulic force at any time t, "A the 
spring cale, s the compression of the valve spring at 
instant \Va obtained by fir t drawing the time velocity 
curve from the tangents to the time lift curve taken at 
0.0001- econd intervals and then drawing the time 
o .001 .ooz 
Time, Sec. 
FIGURE 6.-Record of vibrations caused by diaphragm steel link 
acceleration curve from the tangents of the velocity 
curve taken at the arne intervals. The mean pressure 
on the stem was the total force divided by the area of 
the stem -0.0398 square inch. 
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Figure 7 shows the velocity, acceleratioD, and 
pre sure curves, together with the lift curve for the 
experimental record hown in Figure 4. The bouncing 
of the stem after cut-off is omitted since it was not the 
purpose of these test to investigate secondary di -
charges. The time scale in Figure 7 was enlarged over 
that in Figure 4 so that the tangents for the veloci ty 
curve were for angle les than 45 degrees, since the 
rate of change of the tangent is les for the maller 
angles. The curves in Figure 7 are chai'acteristic of 
the curve obtained for the stem movement in the 
majority of the te ts. There is I1rs t an oscillation of 
high ampli tude, then one of mall amplitude, followed 
·s 
the expression gives a value of 0.0020 econd. The 
actual period a obtained from Lhe figure i 0.0026 
second . The difference between the actual period 
and the theoretical period can be accounted for in part 
by the fact that the value of E ha not been accurately 
determined, bu t chosen from the value of oLher oils 
of similar properties. The curve how in nearly all 
case a sharp drop in pressure about 0.0004 second 
after Lhe start of inj ection caused by the tart of the 
discharge from the orifice. There is a sharp increase 
in pressure due LO the r estriction to oil flow whenever 
the stem reaches or nearly reaches the eat during i ts 
oscillations. 
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FII;nn,7. Stem lifL record ,hown in Figure 4 plotted together with stem velocity and acceleration curv . and pres 'ure at discharge orifi <-o 
by one of a slightly greater amplitude. These oscilla-
tions indicate that the stem movement was controlled 
by two harmonics imposed upon each other. One 
was the fundamental harmonic of the valve spring. 
It period was 27r~~ which for the spring used was 
0.0014 second, approximately the period of the first 
oscillation, 0.0018 second. The other was the funda-
mental harmonic of the oil column between the dis-
charge orifice and the high-pre sure reservoir. Its 
period was 27rl~ //];g in which lithe length of' the oil 
column between the discharge orifice and the high-
pressure reservoir, 26.7 inche for the 13-inch tube, 
p the density of the Diesel oil, 53 pound per cubic 
foot, E the modulus of elasticity of the oil, 284,000 
pound per square inch (R eference 8), and g the 
gravitational constant. Substituting these values in 
In order to determine the accuracy of the tangent 
method for obtaining tho accelerations and pressures 
on the inj ection valve stem, an equation wa derived 
by means of Fourier's eries for the record in which the 
fluctuations were most violent. In the compu Lation 
it was as umed that the lift curve was symmetrical to 
the time axis and that the stem movement during the 
complete inj ection period repre ented a half period o/" 
a harmonic curve. The equation was determined for 
the first seventeen odd harmonics. The computed 
point checked the experimental points within 0.0002 
inch. The second derivative of the equation wa 
determined and transformed into terms of acceleration 
in inches per second per second. These value of 
acceleration were then used in deriving the instanta-
neous pres UTes from Equation (1). The r esults are 
shown in Figure 8. The end points are not given, since 
in assuming a curve symmetrical to the time axi the 
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comptl ted curye must necessarily deviate from the 
actual curve for 0 and 180 degrees because of the 
difference in lope at the c two point. The computed 
points shown , however, fall sufficiently close to the 
curve obtained by the tangent method to indicate the 
accuracy with which the tangents were drawn. 
The {Jow of oil through the di charge orifice wa 
computed from the pre lire curves and the conven-
.~ 8000. .100 
ti-
(Reference 9) showed that the coefficients of discharge 
of the e orifice over the range of pressure investigated 
did not vary materially from 0.94. 
The actual discharge were obtained by screwing a 
mall container onto the injection valye and weighing 10 
inj ections. In each weighing the nozzle and end of 
the valve were cleaned with benzol before attaching 
the container, and the nozzle and end of the valve were 
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F" .I " >: _. Velority, H('releca tion . nlld prr"llrr (' l1 n'es ohl !lined h) tangent meth od nnd \'Rll1es of R('('e leral ion !lnd pressure nhl !lined from 1'00lrier 's 
seri es 
tional flow formula , Q= al't. The lotal mass .M di -
charged in any timr I i. 
j1/ pO 
pal'/ 
d2 - -
= 7f' 4 Of, 2Ppg (2) 
in which P is the effective pre Ul'e , d the diamc(,el' of 
the orifice, and C' the coefIicient oj' discharge. Th(' 
pfi'ectivp pre sure was tak('n as the quare of th(' mean 
of the square root of the instantaneolls pres ure. It 
was obtained by plotting the quare roots of the in tan-
taneou pressure , integrating th curve with a plani-
meter, dividing the integral by the total time of 
injection, and squaring thi mean of the square roots 
to obtain the effective pressure of injection. Coeffi-
cient of discharge tests made on the 0.008 and 0.020 
inch orifice with the apparatus employed by Joachim 
1514- 30--2 
cleaned with a piece of COUOIl when (,he container wa 
remo\'ed. The weight of the oil collected on th(' cotton 
wa, ftdded to thal collected in the container. A 
certain amount of oil yapor escaped whil(' the con-
tain er was being remov('d from the valye and the cap 
was being screwed on , and it wa impossible to wipe 
all th(' oil off the nozzle. Th(' exact magnitude of 
these Lwo los es i difficult to e timftte. In every case 
two 01' Lhree sets of 10 di charge were weighed and 
the mean taken. In no ca e did the individual weights 
vary more than 3 pel' cent from the mean. 
TEST RESULTS 
Effect oj the Ratio oj Discharge Orifice Area to Area 
oj Smalle t Restriction between the lIigh-pre sure Reser-
voi r and Discharge Oqfice .- The tube connecting the 
high-pres ure reservoir with the timing valve had an 
internal diameter of 0.063 inch. The diameter of the 
passage connecting th e timing valve to the injection 
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valve tube was 0.094 inch. The injection valve tube 
was made of seamless steel tubing with an outside 
diameter of X inrh and an inside diameter of 0.125 
inch. The oil passage in the injection valve between 
the injection valve tube connection and the pa sage 
around the valve stem had a diam eter of 0.094 inch. 
.~ A / a = 0.0/6 .008/nch orif/ce 
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FIGURE g.-Effect of orifice diameter on stem lift and oil pressure 
Injection pressure ____ _______ ____ ___ ____________ . ________ , ___ . __ 3,500 lb. /sq . in . 
Valve opening pressure ____ ___ ___ ______________ __ _______________ 2,500 lb. /sq. in. 
Initial pressure_____________________________ ______ __ _______ _____ 300 Ib./sq. in. 
Tube length____ ___ ____________________ _________________________ 13 in. 
Consequently, the smallest restriction was the 0.063-
inch tube between the high-pre sure 1'e ervoir and the 
timing valve. Two serie of test were conducted to 
determine the effect of the ratio of the di charge orifice 
area to the area of the smalle t re triction in the line. 
In the first series the stem lift wa determined for differ-
ent diameter discharge orifice. In the econd series the 
stem lift was determined with a constant discharge 
orifice diameter, but with various restriction orifices I 
inserted in the injection line at the entrance to the 
automatic injection valve. 
The effect of varying the di charge orifice diameter 
is shown in Figure 9. The ratio of the dicharge orifice 
area to the re triction area is symbolized by Ala. As 
the ratio was increased, more of the energy of the 
initial pressure wave was expended in discharging the 
fuel oil, and less of it was utilized in a wave reflected 
back to the high-pressure reservoir. Consequently, 
the intensity of the pre sure waves and the stem lift 
decreased as the orifice diameter increased. Between 
the ratio of 0.25 and 0.45 there is a ratio above which 
the wave energy was apparently entirely transformed 
into the kinetic energy of the discharging oil and the 
pressure at the discharge orifice remained virtually 
con taut, although the tem 0 ciliated. 
Figure 10 how the effect of the ratio A /a when 
the discharge orifice remained con tant and the diame-
Ler of the restriction orifice was varied. The arne 
phenomenon occurred as i shown in Figure 9. The 
importan t fact to no tice in the e two figures is the 
imilarity of the curve for the same ratio. For the 
0.020-inch restriction orifice with a ratio of 1.0 the 
valve tem 0 cilIa ted to a greater extent than with 
the ratio of 0.45. Although the values given for the 
instantaneous pre ure in thi particular case are open 
to question because of the difficulty of analyzing the 
curve at the line of zero lift, the curve does show that 
there were violent fluctuation of pressure, becau e of 
the rapid opening and closing of the valve. 
A/a = 0.063 .080 in. restriction orifice 
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FIGURE 1O.- EfTect of restriction orifices on stem lift and oil pressmes 
Injection pressure ___________ ____ _____________________________ 3,500 Ib./sq. in . 
\ ·al"e opening pressure_ _ ___ _ 2,500 Ib ./sq. in. 
Initial pressure_ ______ _ ___ _ 300 Ib ./sq. in. 
Tube lengtb_________ ____ 13 in. 
Orifice diameter. __ _ _ _ _ _______ 0.020 in. 
The effect of the ratio of discharge orifice area to 
the restriction orifice area on the effective pressure is 
shown in Figure 11. As the ratio decreased, the ef-
fective pressure approached the static pressure in the 
high-pressure reservoir . The difference between the 
static pressure and the effective pressure was directly 
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proportional to the ratio. Because the effective pre -
sure decrea cd as the orifice area was increased, the 
quantity of fuel discharged, Figure 12, did not vary 
ti-
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directly with the orifice area. Both the computed 
and actual di charge curves follow the ame general 
trend. The discrepancy between the two is du e to 
the losses in weighing the fuel, to the re triction to 
flow when the valve stem approached the seat, and 
al 0 because the mean pre ure acro the tem was 
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F IGUR E 12.-EtTect of restriction orifice area and discharge orifice area on 
fuel quantity d iscbarged 
probably greater than the mean pre sure across the 
discharge orifice. In Figure 12 it is also seen that as 
the ratio A /a decreased , the fuel quantity di charged 
increased. 
It can be concluded from the figure that for an in-
jection system of this type the area of the smallest 
restriction in the fuel line should not be les than four 
times the area of the discharge orifice. 
EiJect oj Injection Valve Tube Length.--The eIrects of 
the injection valve tube length on the stem lift and 
pressure variations are shown in Figure 13. A the' 
length of the injection valve tube was increa ed tho 
period of vibration of thc oil column was increased. 
The computed period for the tube lengths arc 0.0020 
eeond fo1' the 13-inch tube, 0.002 second for the 
24-inch tube, 0.0037 ocond for the 37-inch tubc, and 
0.0063 eeond for the 70-inch Lube. With the 13-inch 
tube the pre sure reached a second maxin1um and had 
started to decrease when cut-oil' occurred. With the 
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FIGU RE 13.- Effect of tube length on stem lift and oil pressure 
Orifice diameter ____________________________________________ 0.020 in. 
Injection pre sure. ______ _ 
Initial pressure _____ __ 
Valve opening pressure. 
_ 3,000 lb./sq. in . 
_ _ 300 lb ./sq . in . 
__ 2,500 Ib./sq. in . 
24-inch tube the pressure reached a minimum and 
had started to increase when cut-off occurred. With 
the 37-inch tube cut-oiY occurred when the pres ure 
had reached a minimum. The 70-inch tube gave vir-
tually a constant pres ure during the whole injection 
period, a the initial wave had just started to decrease 
at cut-off. It is interesting to note that there ,,,-a a 
slight increase in the injection period for the longer 
tubes, although the setting of the cut-off valve was 
the same for all the tubes. Consequently, the time 
lag between the opening of the timing valve and the 
opening of the injection valve, instead of incroasing 
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directly with the tube length, should how a slight 
negative curvature, as has already been shown in the 
experimental work on the time lag (Reference 5). 
The curves show that to obtain a high con-
tant pressure with an injection y tem of thi 
type the period of inj ection should be one-half the 
period of the pre ure waves in the injection valve 
tube, or the length of the injection tube in inches .~ 5000 ti-
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As the tube length was increased the pressuro 
and the lift at the point of cut-off decreased, the 
bouncing of the stem after cut-off decreased and 
with it the tendency toward secondary discharges. 
Thi is in accordance with the work of Beard ley 
(Referenco 7), in which he found that with a tube 
length of 7 inche secondary discharges appeared , 
but with a tube length of 41 inches there were no 
secondary discharges . It can be concluded that sec-
ondary discharges will occur when spray cut-of!" 
hould be twice the inj ection l)eriod in ten-thou andths 
of a second. 
The effect of the tube length on the effective pre -
sure and fuel quantitie di charged are hown in Figme 
14. A Figure 13 indicates, the effective pres me 
increa ed 'with tube length until with the 70-inch tube 
the effective pressure was approximately the arne as 
the static injection pre sure in the reservoir. The 
curve for the weight of oil discharged show that the 
weight increased with the tube length. It i interesting 
to note that with the 70-inch tube, in which the pressure 
remained virtually con tant, there is considerably le ~ 
deviation between the computed and the actual 
discharge. This indicates that the oil flow in the 
shorter tubes did not follow the rapid fluctuation in 
pres ure. 
By usinO" a malleI' di charge orifice, that i ,a maller 
ratio of di charge orifice area to restriction area, effec-
tive pre sures greater than the pressure in the reservoir 
('an be obtained. Figure 1.5 Rhow the. tem lift and 
pre ure curves for a 0.008-inch orifico and a ratio of 
13 " tube 
.~8000 .08r-~r--.--.--r--r--'---.---.---' 
ti-
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occurs during the peak of a pre sure wave. .S 8000 
ti-These curves al 0 substantiate Beardsley'S \IJ 
1 (R f h' h ?;6000.~ .06 re u ts e erence 7) w lC showed that tho spray ~ ~ 
penetration \vas slightly increa ed with an increa e ~ 4000 ~ .04 
in tube length. The penetration of the spray is ~ § 
largely dependent on the maximum pressure of ~ 2000Vj .02 
Q 
the initial wave and the time required to reach 6 
this maximum, but is aided to some extent by 
tho pressure which follow this maximum. An 
examination of Figure 13 how that the maxi-
mum pre sures and tho ti:me required to reach 
these pres ures were nearly the same for the 13 , 24 , 
and 37 inch tubes. However , as the tube length was 
increased, the rate of pressure drop after the maxi-
mum was reached decreased and the resultant penetra-
tion \vas, therefore, greater. With the 70-inch tube the 
maximum pressure was less than with the other tubes, 
but remained at this maximum value for a longer time. 
o 
.001 .003 
Time, sec. 
.004 
F'GURE 1.5.- EfTect of tube length on stem lift and oil pressure 
.005 
Injection pressure. __ . _____________ ._. _____ . ___________ 3,500 1b./sQ. in. 
lnitial pressure ___ . ____ _________ . _____ .______ ___________ _ __ 300 Ib./sQ. in. 
Valve opening pressure __________________ •.. __ . __________ • __ 2,000 Ib ./sQ. in. 
Orifice diameter. ____________ ._.___ ______ _____ 0.00 in. 
A /a equal to 0.016 with 13-inch and 70-inch injection 
tubes. The effective pressure with the 13-inch tube 
wa 3,500 pound per square inch and for the 70-inch 
tube was 4,500 pounds per quare inch--29 per cont 
higher than the static injection pressure. Such a small 
-- -- ----'----~'--~~--------~--~~--.~~-------~--~--------~-------------
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ratio of discharge orifice diameter Lo injection valve 
tube diameter would , however, not be practicable from 
a con truction standpoint. 
Effect oj Timing-valve Oamshajt Speed and I nJection 
Period.--The effect of the timing-valve camshaft 
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pound per quul'einch aL 1,140 l'. p. m . to 3,150 pounds 
p I' quare inch at 4801'. p . m. As the rate of fuel di -
charge varies a the square root of the pre sure, the 
mean rate of di charge at 4 0 r. p. m. i only 2 per cent 
Ie s than at 1,140 1'. p . m. It can be concluded from 
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FIGURE 16.- EITect of timing valve camshaft speed and injection period on slem lift and oil pressure 
Injection pressure ___ _ •. ____ __ . . . 3,500 Ib. /sq. in. 'rube length ___ _ 13 in. 
_ 0.020 in. Initial pressure ______ _ 300 Ib./sQ. in. Orifice diameteL 
Valve opening pressun'_ 2,500 Ih ./sq. in. 
, peed and the inj ocLion period on the pressure fluctua-
tions i shown in Figure 16. As the timing-valve cam-
shaft speed wa decreased, Lhe mUAimum pre sure 
reached on the firsL and second waves decreased slightly . 
The pre nre wave was damped Oll t before the third 
the e curves that for an injection ystem of thi type 
the fu el spray penetration and di tribution, except for 
Lhe effect of air Dow, and the time for delivering a given 
fuel quantity, are practically independent of engine 
speed. 
6000 .. 0012 ~ 
c' 
ti,5000 
~ 
:f! 4000 
iii 
<n 
~ 3000 
Q, 
.~ 2000 
-v 
~ 1000 
'" 
r-
o 
0.M20 
E' E' --- - Q, -
l Q, 
c::;, l 
~ @ 
---
K 
0 
0.00-10 0.0060 0.0080 
Injection period, seconds 
~ Q, 
~-
"t 
0 .0100 
I:: 
.C> 
.;:: .0010 
v 
. ~ 
:,(.0008 
~ 
K0006 
~ 
"0 .0004 
t. 
~.0002 
:J 
"-
o 
~ 
ct 
l.. 
~ ~-
ci. ~ l.. 
~ c::;, V V .-' ci. ~ l--l ,.., 
c::;, ~ V V ~ ~ 
0 ~ 
------
o Compufed discharge 
• Weighed discharge 
p V 
0.0020 0.0040 0 .0050 0.0080 0.0/00 
In jectian period, secon d s 
FIGUIlE 17.-Effect of timing valve camshaft speed and injection period on eITecti\'o pressuro anel fuel discharged 
oscillaLion, so thaL for Lhe lowest 1'. p . m. the pre sure 
after the iil-st 0.0045 econd remained virtually con-
stant at the pressure in the re ervoil'. Figure 17 shows 
the effect of the camshaft peed and injection period 
on the effective pres ure and the fuel quanti ty dis-
charged. The effective pre sure dropped from 3,300 
Effect oj High-pressure Reservoir Volume.--Another 
factol' in the design of a common-rail fuel injection 
system i the volume of the high-pre nre reservoir. 
The volume hould be sufficient so that the pressure 
drop during injection is small, and at the same time 
the re ervou' hould be mall enough to be in propor-
14 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
tion to the rest of the injection system. For the 
tests already presented the volume was 20 cubic 
inches. A test was made with a IO-cubic inch reser-
voir. The results of this test in comparison to one 
with the 2G-cubic inch reservoir are shown in Figure 
To maintain an initial pressme in the injection 
valve tube of an injection ystem of this type pre-
ceding the opening of the timing valve the same 
pressure must be left in the tube at cut-off of each 
injection. Consequently, the cut-off of the spray 
would not be as harp as shown in Figme 19 where 
the fuel pressure was released to atmospheric. Beards-
ley (Reference 7) has shown that the spray penetration 
increases slightly with the initial pressure. The curves 
show that this increase as the initial pressme increases 
is clue to the slower rate of pressme drop after the 
first wave. It can be concluded from the figure that 
a high initial pressure in the fuel injection line does 
not present any advantages which can not be obtained 
by lengthening the inj ection tube, but on the contrary 
does cause a slower cut-off of the fuel spray. 
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Effect oj Valve Opening PressU7'e.-Decreasing the 
I valve opening pressure (fig. 20) had little effect on the 
stem movement and pressure variations other than to 
increase the stem lift and so prevent the stem from 
touching the seat during its oscillations_ The injec-
tion period increased a the valve opening pressure 
decreased, as has already been pointed out in the work 
on the time lags. (Reference 5.) High valve opening 
pressures cause the fuel spray to start at a higher 
pressure and con equently orne increase ' in spray 
penetration should be expected. The effective pre sure 
p 
FIGURE IS.- Effect of oil reservoir volume on stem Iirt and oil pressure 
Injection pressure .. _______________________ ______ . ____ _________ __ 3,500 Ib./sq. in. 
Initial pressure ______ ____________ __ .____________________ _______ _ 300 lb./sq. in. 
Valve opening pressurc ___ .____ _ __ .. ___ . ____________ . __ _ ____ 2,500 Ib./sq. in. 
Orifice diameter _____ . __ __ . ___________ ___ . _____ . _________ 0.020 in. 
Tnbe length ___ ._ _ _ _ __ __________________ _____ ___ _______ __ 13 ins. 
1. The stem lift and pressure curves are virtually 
the same for the two reservoirs. Further research is 
necessary, however, to determine the minimum 
high-pre ure 1'e ervoir volume that can be em-
ployed without affecting the pressures at the dis-
charge orifice. 
Effect oj Initial Tube Pressure.-The effect of 
the initial pre sure in the injection valve tube 
before the opening of the timing valve on the stem 
lift and the pressure variations is shown in Figure 
19. As the initial pressure was increased, the 
maximum pressure decreased, and the pressure 
curve changed from a wave curve to a curve of 
almost constant pressure. There was, however, 
little change in the effective pressures-3, 100 
pounds per square inch for the 300 pounds per 
square inch initial pressure, 3,300 pounds per 
square inch for the 1,000 and 2,500 pounds per 
square inch initial pressmes. The total injection 
period increased with the initial pressme. There-
fore, since the setting of the by-pass valve remained 
the same for all the tests, the time lag of injection 
decreased as the initial pressure increased. In 
the report on the time lags of injection (Ref-
erence 5) it was stated that the time lag was 
independent of the initial pressme, providing 
the injection pressure wa considerably in ex-
ce s of the valve opening pressure. However, 
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FlGURE 19.-Ef(cct or ini~ial pressure on stem lift and oi l pressure 
~ 
.005 
Injection pressure _____________ ____________ _________ __ ___ __ ___________ _ 3,500 Ibs ./sq. in . 
Valve opening pressure_ _ ______ _ _______ ___ _ ________ __ _________ 2,500 lbs. /sq. in. 
'rube lengtb ______ ______________ ___ __________________ __ ._______ _ __ _ 24 ins. 
Orifice diameter. _________ _____ __ __ __ _ __ ___ _________ _ _ __ 0.020 in. 
the re ults presented here show that when the 
valve opening pressure is comparable to the injec-
tion pressure the time lag is dependent on the initial 
I increased slightly with the valve opening pressure, 
Figure 21, since the pressures at the start of injection 
were higher. The increase in the effective pressure pressure. 
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was more than off et by the increase in the time lag 
and consequent decrease in the injection period. 
Hence, the fuel quantity discharged decreased slightly 
with an increase in the valve opening pressure. 
(Fig. 21. ) From these curves it can be concluded 
that the valve opening pressure has little e£Iect 
spray penetration, dispersion, and atomization desired. 
The curve show that unless the total hydraulic force 
on the stem after it is lifted is sufficiently greater than 
on the eiJ'ective pres ure and the fuel quantity 
discharged, but does affect the stem lift. 
Effect oj Injection Pressure.- Figure 22 shows 
the effects of the injection pressure on the stem 
lift and pressure variations. In the first example 
the valve opening pressure was greater than the 
injection pres ure of 1, 00 pounds per square inch. 
However, the first wave from the reservoir built 
up to a pres ure of 2,400 pounds per square inch 
and consequently lifted the tern slightly. The 
valve then clo ed and remained clo ed until tbe 
econd wave reached it. The second wave was 
of less intensity than the first, but was sufficient 
to again lift the stem. The period of this wave 
obtained from the figure was 0.0034 second. 
The computed value is 0.0028 second. With 
an injection pre sure of 2,500 pound per quare 
inch the valve ope~ed four times during the in-
jection period. With an injection pres ure of 
3,500 pounds per square inch, as has been hown 
before, the valve remained open during the whole 
injection period. When the injection pre ure 
was further increased to 4,000 pounds per square 
inch the pl'CSSUl'e and tern lift, curves were of the 
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FIGU RE 2O.-Effect of valve opening pressure on stem lift and oil pre~sure 
Injection pressure __________________ ______________ _____ ____________ ____ 3,500 lb ./sq. in. 
Initial pressure__ __ ____ __ __________ _____ _____ ___ ___ __ __________ ______ 300 lb ./sq. in. 
Tube length__ __ __ __ _____ ____ ______________ _____ __ ________ ____ __ _______ 13 in. 
Orifice diameter _____________ __________________________________________ 0.020 in . 
same form a for the 3,500-pound per square inch 
injection pressure, buL of greater intensity. The 
effective pre ure for the 3,500 and 4,000 pound per 
the spring force on the stem when the valve is closed, 
the stem will not remain off the seat during the whole 
injection period. quare inch injection pressures were 3,300 and 3,900 
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FIGURE 2l.-EtIect of valve 0 1 ening pressure on efTective pressure and fuel discharged 
pound per square inch, re pectively. As the injection 
pre sure increased the injection period increased, due to 
the shorter time lag of injection. (Reference 5.) The 
injection pre ure to be used in the de~ign of an injec-
tion system of this type is ba ed on the time required to 
inject a given fuel quantity into the engme and the 
CONCLUSIONS 
There are two main conclusions to be drawn [rom 
the~ e test : First, with a common-rail fuel injection 
ystem in which the source of high pressure is at some 
distance from the di charge orifice, pressure waves will 
occur between the high-pressure re ervoir and the dis-
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charge orifice; econd, these pre ure wave ' can be 
controlled in a manner advantageous to the injection 
ystem. 
Several conclusions can also be drawn a to the 
design of such an in jection system. 
.~ Injection pressure, 1800Ib./sq.in. 
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FIGURE 22.-EITect of iujection pressure on stem lift and oil pressure 
Initial pressure. .... ..... _ .......•.........•... . 300lb./sq. in. 
Valve opening pressure.... . 2,500 Ib./sQ. in. 
Tube length .. __ .... _. . ...•..... _.... ...•. . . ... ... 24 in. 
Orifice diameter. . ..•.•... ... . . .. ." •.. ... • 0.020 in. 
l. All oil passages between the high-pre ure 
reservoir and the di charge orifice should have areas at 
least fOUT times the total area of the di harges orifice. 
2. The inj ection Lube onnecting the high-pre me 
reservoir to the di charge orifice should have a length 
in inches equal to twice the injection period in ten-
thousandths of a econd. 
3. The instantaneous injection pro ure are VIr-
tually independent of engine speed. 
4. The inj ection period in econds for a given fuel 
quantity i independent of engine peed . 
5. A high initial or re idual pressure in the inj ection 
tube ha no material advantage to the injection of 
the fuel. 
LANGLEY 11EMOHIAL AEHONAUTICAL LABOHATOl'tY, 
1 ATIO AL ADVISOl'tY OMMITTEE FOH AEHO-
NAUTICS, 
LANGLEY, VA., May 20, 1930. 
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U S GOVERNMENf PRINTING OfFICE: \91 . 
z 
t 
. 
Positive directions of axes and angles (forces and moments) are shown by arrows 
Axis Moment about axis Angle Velocities 
Force 
(parallel Linear 
Sym- to axis) Designa- Svm- Positive Designa- Sym- (compo-Designation bol symbol tion bol direction tion bol nentalong Angular 
axis) 
LongitudinaL __ X X rolling _____ L Y--.Z rolL _____ cf> u p LateraL _______ Y Y pitching ____ M Z--.X pitch _____ e v q NormaL ______ Z Z yawing _____ N X--.Y yaw _____ 'l' w r 
Absolute coefficients of moment 
L ])1 N 
OL= qbS OM= qcS ON= qfS 
Angle of set of control surface (relative to neu-
tral position), 15. (Indicate surface by proper 
subscript.) 
1), ])iameter. 
Pe, Effective pitch 
Po, Mean geometric pitch. 
P" Standard pitch. 
p", Zero thrust. 
pa, Zero torque. 
p/D, Pitch ratio. 
V', Inflow velocity. 
V" Slip stream velocity. 
4. PROPELLER SYMBOLS 
T, Thrust. 
0, Torque. 
P, Power. 
(If "coefficients" are introduced all 
units used must be consistent.) 
7], Efficiency= T VIP. 
n, Revolutions per sec., r. p. s. 
N, Revolutions per minute., R. P. M. 
if> , Effective helix angle = tan- t (2;rn) 
5. NUMERICAL RELATIONS 
1 HP = 76.04 kg/m/sec. = 550 Ib./ft./sec. 
1 kg/m/sec.=0.01315 HP. 
1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi./hr. = 0.44704 m/sec. 
1 m/sec. = 2.23693 mi./hr. 
1 mi. =1609.35 m=5280 ft. 
1 m = 3 .2808333 ft. 

